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We next examined peroxisome localization and abundance in the RPE, using 3,3'-1 3 1 diaminobenzidine (DAB) reactivity by transmission EM complemented with immuno-electron 1 3 2 microscopy analysis. Catalase reacts with DAB in the presence of excess H 2 O 2 to form a dense 1 3 3 precipitate localized to catalase-positive peroxisomes (15) . DAB was localized to small oval 1 3 4
shaped organelles with ~100 nm diameter in ultrathin sections of RPE (Fig. 1C, D) . When 1 3 5
Immuno-electron microscopy (EM) analysis was used to detect catalase, gold particles labeled 1 3 6 small rounded structures adjacent to mitochondria ( Fig 1E) , morphologically consistent with our 1 3 7 DAB labeling. In RPE whole mounts labeled with PMP70 and Pex14, we observe numerous 1 3 8 peroxisomes throughout the cytoplasm, some with a tubular morphology (Supplemental Fig. S2 ) 1 3 9
as was recently observed for peroxisomes of mouse fibroblasts using stimulated emission 1 4 0 depletion (STED) microscopy (65). Catalase immunolabeling appeared most intense in the 1 4 1 RPE relative to other retina layers in cryosections of mouse eye (Fig 2 A) . In RPE, catalase-1 4 2 positive puncta were enriched in the peroxisome-specific membrane protein, PMP70, a fatty 1 4 3 acid ABC transporter used as a marker of peroxisome number (22, 51) ( Fig 2B,C) . Linear 1 4 4
intensity profiles show that peaks in catalase signal are spatially correlated with that of PMP70 1 4 5 ( Fig 2C) and co-distribution analysis of catalase and PMP70 have a Pearson's correlation 1 4 6 coefficient of 0.89 (± 0.006 n=38). We also examined catalase expression in RPE of 1 4 7 microtubule-associated protein 1 light chain 3B -/-(LC3B -/-) mouse, a model of defective 1 4 8 phagosome maturation and lipid dysregulation (18, 19) . LC3B -/-, like WT also show a relative 1 4 9 enrichment of catalase in RPE relative to retina (Fig 2 D) , with linear intensity profiles of PMP70 1 5 0 and catalase well correlated (Fig 2 E,F) . Our data shows that relative to other cells within the 1 5 1 eye, peroxisomes are abundant in RPE, with catalase co-distributing with PMP70-positive 1 5 2 peroxisomes in both LC3B -/and WT mice. 1 5 3 1 5 4
Peroxisome numbers do not depend on time of day 1 5 5
Peroxisomes respond to changes in the cellular environment by adapting their number, 1 5 6 morphology and metabolic functions. In RPE, the level of VLCFA substrate for peroxisome 1 5 7 oxidation is regulated in a synchronous circadian manner through phagocytosis of OSs (28, 41, 1 5 8 42). Phagocytic ingestion of rod photoreceptor OS peaks following light onset (42). Because 1 5 9 peroxisome number can be dynamically regulated by cellular conditions, we wanted to 1 6 0 determine if OS disc phagocytosis influences peroxisome abundance and function in the RPE. 1 6 1
We analyzed peroxisome abundance in WT mouse RPE at various times of day and compared 1 6 2 this to peroxisome abundance in the RPE of the LC3B -/mouse, having defective phagosome 1 6 3 maturation (18, 19) . RPE/choroid was isolated at: 6 am -one hour before lights on, 7 am -at 1 6 4 lights on, 8 am -an hour after lights on, and 3 pm (8h after light onset). We compared the levels 1 6 5 of two membrane proteins widely used as markers for peroxisomes; Pex14 is an essential 1 6 6 transmembrane component of the peroxisome translocation machinery that imports cytosol-1 6 7 translated enzymes into the peroxisome lumen (77) and PMP70, one of 3 ATP binding cassette 1 6 8 family members that transport FAs into peroxisomes (22, 51). Pex14 (Fig 3 A , C) and PMP70 1 6 9 levels (Fig 3 B , D) remained relatively stable throughout the day in RPE/choroid isolated from 1 7 0 WT mice. When compared to WT mice, the levels of Pex14 in the LC3B -/mouse RPE were 1 7 1 elevated by 20% of WT at 7 am and 12% at 8 am, whereas PMP70 expression was elevated 1 7 2 above WT by an average of 32% at all time points (Fig 3 E, F) . Peroxisome abundance was 1 7 3
next assessed in LC3B -/and WT mouse RPE by confocal imaging ( Fig.4 A, B ). Pex14 1 7 4
immunoreactivity increased by at least 50% in LC3B -/vs WT in 2 data sets ( Fig 4C) . PMP70 1 7 5 immunoreactivity was increased by 50% in one data set with another data set showing a trend 1 7 6 towards higher PMP70 immunoreactivity that was not statistically significant. A third data set 1 7 7
showed no difference between LC3B -/and WT immunoreactivities. Collectively, these studies 1 7 8
suggest that peroxisome degradation is reduced in RPE of LC3B -/mice. compared with the afternoon in WT mice (Fig 5 A) , but not in LC3B -/mice, suggesting that an 1 9 0 LC3B dependent process influenced peroxisome catalase activity. To determine if elevated 1 9 1 catalase activity was due to increased enzyme levels, we investigated catalase protein amounts 1 9 2 from the same mice at 6 am, 7 am (at lights on), 8 and at 3 pm, by immunoblot analysis. 1 9 3
Catalase protein levels remained relatively constant over the time periods studied ( Fig. 5B , C). 1 9 4
In contrast to our catalase activity data, we observed an apparent increase in relative catalase 1 9 5 protein levels between 8 am and 3 pm in WT, however catalase protein levels at 6 am and 7 am 1 9 6
were not significantly different from those at 3 pm. We quantified catalase immunoreactivity from 1 9 7 our immune-EM analysis of WT mouse eyes removed at 1 hour and 6 hours after light onset. At 1 9 8 1 hour after light onset, we found 467 gold particles / µm 2 (± 30 sem, n=41), which was 1 9 9
comparable to our finding of 432 particles/ µm 2 (± 20 sem, n=39) at 6 hours after light onset. 2 0 0
Taken together, our data suggest that changes in catalase protein levels do not account for the 2 0 1 elevated activity during the morning. We also tested whether diurnal modulation of metabolic 2 0 2 activity was unique to peroxisomes, and so we investigated whether mitochondrial activity was 2 0 3 also regulated diurnally by assessing activity of citrate synthase, the first enzyme of the 2 0 4 tricarboxylic acid (TCA) cycle ( Fig 5D) , and found no difference in citrate synthase activity as a 2 0 5 function of time of day. We directly tested whether catalase is activated by increased VLCFA 2 0 6
and LCFA are also critical for synthesis of bile acids from cholesterol and DHA from essential fatty acids 2 2 4 (5, 68) . Previous studies have shown that RPE like the liver, is ketogenic, with the ability to 2 2 5 catabolize fatty acids (FAs) derived from phagocytosed photoreceptor outer segments (POS) 2 2 6 through mitochondrial β -oxidation pathways that produce acetyl-CoA and the secreted ketone 2 2 7 metabolite β -hydroxybutyrate (1, 61). Peroxisomes of the RPE are found adjacent to 2 2 8 mitochondria and their proximity supports their coordination of metabolic pathways. In addition 2 2 9
to metabolic coordination, mitochondria and peroxisomes overlap in redox sensing and 2 3 0 ROS/RNS signaling and regulation. Mitochondria and peroxisomes both produce significant 2 3 1 amounts of ROS through their different metabolic pathways. Each round of β -oxidation in 2 3 2 peroxisomes produces H 2 O 2 . We show that the antioxidant catalase, the primary enzyme 2 3 3 responsible for the removal of H 2 O 2 is enriched in peroxisomes within RPE. Peroxisomal 2 3 4 antioxidant activity, plays a key role in redox homeostasis, and disrupted catalase activity has 2 3 5 serious consequences for mitochondrial health (44, 67, 71). 2 3 6 2 3 7
Catalase activity may be regulated post-translationally 2 3 8
We show that catalase, the heme-containing antioxidant enzyme enriched in RPE peroxisomes, 2 3 9
has highest activity during the early morning when OS derived VLCFA's are expected to reach 2 4 0 their maximum in RPE cells and β -oxidation reaches its peak (61). The elevated catalase 2 4 1 activity is not due to increased expression of catalase protein, suggesting that diurnal 2 4 2 modulation of catalase activity occurs at the post-translational level. Catalase activity is 2 4 3 regulated by a diverse array of post-translational modifications depending on cell context, 2 4 4
including phosphorylation, S-nitrosylation, oxidation and ubiquitination (9, 10, 16, 26, 39, 59) , as 2 4 5 well as regulation of its multimerization (59). Catalase is thought to exist mainly in a tetrameric, 2 4 6 enzymatically active form, but higher-order oligomer and dimer forms have been encountered 2 4 7 inside cells (2, 58). The enzymatic activities of catalase in H 2 O 2 removal as well as its 2 4 8 peroxidase activity, requires its heme group and heme binding is required for tetramerization 2 4 9
and maturation (11). During small elevations in cellular H 2 O 2 in cultured mouse fibroblasts, the 2 5 0 redox sensitive kinases, c-Abl and Arg, increase catalase activity by phosphorylation of key 2 5 1 tyrosines and directly binding, protecting catalase from de-phosphorylation (9, 10). (59) 2 5 2
Catalase is an important antioxidant whose activity declines with age and in AMD-afflicted RPE 2 5 3
(46) and the regulation of its activity in RPE is largely unexplored. 2 5 4 2 5 5
Diurnal modulation of Catalase activity depends on LC3B 2 5 6
In contrast to WT RPE, RPE of LC3B -/mice lack a boost in catalase activity during the morning. Turnover is important in maintaining healthy functional organelles. Degradation of dysfunctional 3 0 0
and damaged peroxisomes and other organelles is principally achieved through regulated 3 0 1 macroautophagy (or pexophagy) a lysosomal degradative process whereby a double membrane 3 0 2 autophagosome engulfs the entire organelle prior to fusion with lysosomes (4, 34). The signals 3 0 3 which select old dysfunctional peroxisomes for degradation are beginning to be elucidated and 3 0 4
selective ubiquitination plays an important role (37). Prolonged residency of monubuqitinated 3 0 5
Pex5 at the peroxisomal membrane is a signal for binding of pexophagy adapters P62 and 3 0 6 NBR1 (17, 55) . P62 contains an LC3 interaction motif and ubiquitin binding domains allowing its 3 0 7
co-recruitment of peroxisome cargo and autophagosome machinery. In a distinct pexophagy 3 0 8
pathway, under conditions of elevated ROS, ataxia-telangiectasia mutated kinase 3 0 9
phosphorylates Pex5, allowing monoubiquitination at a lysine residue, leading to recruitment of 3 1 0 P62 and autophagosomal membranes (75). Our results show that peroxisomes are more 3 1 1 numerous in RPE of LC3B -/mice, which likely reflects sluggish degradation and turnover of 3 1 2 peroxisomes, given the well-established role of LC3B in autophagosome formation and 3 1 3 autophagosome-lysosome fusion (54). LC3B is one of 6 different members of the mammalian 3 1 4
Atg8 family (LC3/GABARAP proteins) involved in autophagy (43). Of the LC3 subfamily, only 3 1 5
LC3A and LC3B are expressed in mouse RPE (18) . Our data suggests that the LC3B isoform is 3 1 6 necessary for efficient turnover of peroxisomes within the RPE. This is supported by evidence of 3 1 7 elevated peroxisome membrane proteins (Pex14 and PMP70) in RPE of LC3B -/mice from 3 1 8
western blot and IHC. Our data is consistent with recent finding that LC3B was necessary for 3 1 9
autophagic degradation of p62, normally degraded along with its cargo, in HEK293T cells (49). 3 2 0 3 2 1
In this study we found that RPE of mice lacking LC3B expression have elevated peroxisome 3 2 2 numbers but lack the ability to increase activity of peroxisome antioxidant catalase during the 3 2 3 early morning. Elevated peroxisome numbers with lower antioxidant function is reminiscent of 3 2 4
aged and diseased RPE (6, 21). Reduced autophagic flux, accompanied by accumulation of 3 2 5
autophagosomes and lysosomes, in RPE derived from AMD patients was proposed to 3 2 6 contribute to poor mitophagy and mitochondrial dysfunction (29). The role for autophagic 3 2 7
degradation in mitochondrial quality control in AMD has been the subject of more intense focus 3 2 8
(32). Mitochondria and peroxisomes intimately cooperate in metabolic pathways and regulation 3 2 9
of ROS. Impairments in autophagy in ageing and diseased RPE may have more far reaching 3 3 0 consequences when the health and function of peroxisomes is also considered. Peroxisome 3 3 1 turnover defects may impact the resilience of RPE to oxidative stress in ageing and contribute to 3 3 2 disease pathogenesis. 3 3 3 3  3  4   3  3  5 Animals: 3 3 6 C57BL6/J (WT) mice and the LC3B -/mouse line (strain name: B6;129P2-Map1Lc3b tm1Mrab /J; 3 3 7 stock # 009336, (8) were purchased from Jackson Laboratory (Bar Harbor, ME). The LC3B -/-3 3 8 mice were backcrossed for at least 5 generations onto a C57BL6/J background. The LC3B -/-3 3 9 and the WT mice were confirmed to be free of the rd8 mutation by genomic DNA PCR using 3 4 0 primers as described in (12). Maintenance of mouse colonies and all experiments involving 3 4 1 animals were as described previously (24, 25) . Mice were housed under standard cyclic light 3 4 2 conditions: 12-h light/12-h dark and fed ad libitum, with both female and male mice used in 3 4 3 these studies. All procedures involving animals were approved by the Institutional Animal Care 3 4 4
Materials and Methods
and Use Committees of the University of Pennsylvania and the University of California, Los 3 4 5
Angeles, and were performed in accordance with the Association for Research in Vision and 3 4 6
Ophthalmology guidelines for use of animals in research. 3 4 7 3 4 8
Microarray analysis for heat map 3 4 9
The heat map was generated using the publicly available high throughput Mus musculus gene 3 5 0 expression microarray data set GSE10246 (40) available through NCBI GEO (GNF Mouse 3 5 1
GeneAtlas V3). The probe IDs for each gene of interest were obtained from an up to date 3 5 2 microarray annotation file (Mouse430_2na36annot) obtained from the Affymetrix website and 3 5 3
used to search GSE10246. The heat map was made in MultiExperiment Viewer version 4.9.0 3 5 4
using Log2 scale for values averaged from 2 replicates for each tissue. 3 5 5 3 5 6
Immunohistochemistry (IHC) 3 5 7
Eyes were removed from euthanized mice and immediately placed in 4% paraformaldehyde 3 5 8
(PFA). For cryosections, the anterior segment and lens were removed during fixation, leaving an 3 5 9
intact posterior eye (eyecup). Eyecups were fixed overnight at 4 o C. Following cyroprotection in 3 6 0 30% sucrose, 1x PBS at 4 o C overnight, eyecups were embedded in OCT compound (Sakura 3 6 1
Finetek, Torrance, CA), frozen, and sectioned with a cryostat (Microm HM 550) at 10-20 µm 3 6 2 thickness. Cryosections were rehydrated and washed in 1x PBS followed by incubation with 3 6 3 antibodies diluted in blocking buffer (5% BSA, 0.1% triton X-100, 1X PBS). Sections were 3 6 4
washed 3x in 1x PBS and bound primary antibodies were detected by incubation with Alexa-3 6 5
fluor conjugated secondary antibodies diluted in blocking buffer (Thermo Fisher/Invitrogen, 3 6 6
Eugene, OR) for 1 hr at 37 o C. For flat mounts of RPE/choroid/sclera, melanin and other pigment 3 6 7 was bleached after fixation, using the method of Kim and Assawachananont (38) . Briefly, each 3 6 8 eyecup was incubated at 55 o C in 10% peroxide/1x PBS for 2.5 hr and immunolabeled as above 3 6 9
after 3-4 washes in PBS. Immunolabeled tissue was imaged with a Nikon A1 confocal 3 7 0 microscope (Nikon Instruments, Melville, NY). We used the following primary antibodies for IHC 3 7 1
(with company and dilution): rabbit anti-catalase (Abcam ab1877, 1/500), rabbit anti-Pex14 3 7 2
(ProteinTech 10594-1-AP, 1/500), mouse anti-PMP70 (Sigma SAB4200181, 1/300). 3 7 3 3 7 4
Electron microscopy with DAB labeling of peroxisomes 3 7 5
Peroxisomes were labeled with alkaline 3, 3′-diaminobenzidine (DAB) following established 3 7 6 methods (20 Mouse eyes were enucleated and fixed at 4 o C in 4% formaldehyde and 0.2% glutaraldehyde in 3 9 0 0.1 M sodium cacodylate buffer. The anterior segment was removed, and eyecups were 3 9 1 dissected along the dorsal ventral axis. After washing in 0.1 M sodium cacodylate buffer, 3 9 2 samples were dehydrated with an ethanol series, and embedded in LR-white resin. Ultrathin 3 9 3 sections were collected on formvar coated nickel mesh grids, quenched with 0.1% glycine in 3 9 4 0.1M phosphate buffer for 15 min, blocked in 2% BSA in 0.1M phosphate buffer for 30 min, and 3 9 5 incubated at 4 o C overnight, with catalase ab15834 (Abcam, Cambridge UK) primary antibody, 3 9 6 diluted by 1:500. Sections were then washed in 0.1M phosphate buffer, incubated with anti-3 9 7
rabbit IgG conjugated to 18-nm gold particles (Jackson Immuno Research Labs, West Grove, 3 9 8 PA), washed again, and stained with 5% uranyl acetate in ethanol for 5 min. All samples were 3 9 9
imaged with a JEM 1200-EX (JEOL, Peabody, MA) at 80kV at magnifications of 30,000 to 4 0 0 60,000x. Labeling density of the peroxisomes was determined by counting the number of gold 4 0 1 particles per μ m2 of sectioned peroxisome. Measurements were carried out using Fiji (ImageJ 4 0 2
Version2.0.0; image processing software package; available at https://fiji.sc/). Data were 4 0 3 collected from animals fixed at 1 and 6 hours after light onset. 4 0 4 4 0 5 RPE/Choroid explants, OS and peroxide treatment 4 0 6 RPE explants were incubated in bicarbonate buffered Ringers with L-carnitine, or Ringers and 4 0 7 either bovine OS particles (100,000 per chamber) or peroxide (0.5 mM) using published 4 0 8 methods (61). Bovine outer segments were obtained from InVision BioResources (Seattle, WA). 4 0 9
Stocks of 2 x 10 7 particles/ml were made and stored in 15% sucrose. OS or peroxide were 4 1 0 diluted to their final concentrations in Ringer's and explants were incubated for 1-2 hrs at 37C 4 1 1 with 5% CO 2 /O 2 . 4 1 2 4 1 3
Western blotting 4 1 4
RPE explant lysates were prepared as described (Reyes-Reveles, 2017). RPE proteins were 4 1 5
loaded into precast 4-12% NuPage Bis-Tris gels (Thermo Fisher/Life Tech, Carlsbad, CA) and 4 1 6 resolved with PAGE. Proteins were transferred to PVDF membranes and the membrane 4 1 7
blocked for 1 hr at RT in 5% dry milk, TBST (137 mM NaCl, 2.7 mM KCl, 19 mM Tris base with 4 1 8 0.1% Tween-20). The membranes were probed overnight at 4 o C with antibodies dissolved in 4 1 9
blocking buffer. We used the following antibodies for Western blotting: rabbit anti-catalase 4 2 0 (Abcam ab1877, 1/5000), rabbit anti-Pex14 (ProteinTech 10594-1-AP, 1/1000), mouse anti-4 2 1 PMP70 (Sigma SAB4200181, 1/1000), rabbit antiβ -catenin (Cell Signaling, D10AB; 8480, 4 2 2 1/1000), mouse antiβ -actin (Sigma; A2228, 1/2500), and mouse anti-cyclophilin A (Cell 4 2 3
Signaling; 2175S, 1/1000). Following washes, membranes were probed for 1 hr at RT with 4 2 4
Horseradish peroxidase (HRP) -conjugated secondary antibodies were used to detect mouse 4 2 5 (Thermo Fisher Scientific; G-21040, 1/2500) and rabbit IgG (ThermoFisher Scientific; 31460, 4 2 6 1/2500 Pex14 or PMP70 in LC3B -/vs. WT images, asterisks denote statistical significance between WT 4 9 0
and LC3B -/intensities: ** p < 0.01, * p < 0.02. 4 9 1 4 9 2 Figure 5 . Elevated catalase activity during early morning in RPE of WT but not LC3B -/-4 9 3
A. Catalase activity measured from RPE/choroid lysates made at different times relative to light 4 9 4 onset (7 am). Activity is expressed relative to mg protein. 8 data sets from 3 mice of each 4 9 5 genotype were averaged. *p<0.02, **p<0.0006, **p<0.0001. Values were not significantly 4 9 6 different across time points for LC3B -/mice (one-way ANOVA). Differences in catalase activities 4 9 7
between WT and LC3B -/were statistically significant (p<0.009 two-way ANOVA), but at 3 pm, 4 9 8
WT and LC3B -/catalase activity differences did not reach statistical significance (p<0.1). B. 4 9 9 RPE choroid lysates from WT and LC3B -/mice made at the indicated times of day were 5 0 0
immunoblotted with antibodies to catalase, and cyclophilin A (as a loading control). C. Relative 5 0 1
intensities of catalase vs. cyclophilin A in immunolabeled bands from Western blots of 5 0 2 RPE/choroid lysates made at different times of day. D. Citrate synthase activity in WT and 5 0 3 LC3B -/lysates of posterior eyecup after removal of neural retina (RPE/choroid). Values were 5 0 4 not significantly different. E. Catalase activity in lysates of RPE/choroid explants incubated with 5 0 5
Ringers, or with added bovine outer segments and 5 mM glucose, or 0.5 mM H 2 O 2 . Catalase 5 0 6 activity was increased by 55% in WT after H 2 O 2 treatment compared with Ringers control 5 0 7 (*p<0.05). 5 0 8 5 0 9 5 1 0
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